r In most areas of the brain, NMDA-type glutamate receptors (NMDARs) exhibit slower kinetics than do AMPA-type receptors (AMPARs).
Introduction
Vision depends on the outputs of more than a dozen distinct types of retinal ganglion cells (Masland, 2012) . Each type possesses characteristic response properties defined by its receptive field (RF); each RF depends, in turn, on the properties of the presynaptic bipolar and amacrine cells that provide the synaptic inputs to the cell's dendritic tree. For example, direction selectivity in certain ganglion cell types depends on asymmetric GABA release by presynaptic starburst amacrine cells (Euler et al. 2002; Fried et al. 2002; Vaney et al. 2012; Yonehara et al. 2013; Park et al. 2014) . Presynaptic mechanisms also contribute to orientation selectivity (Venkataramani & Taylor, 2010) , non-linear spatial summation (Demb et al. 2001; Schwartz et al. 2012; Borghuis et al. 2013) and surround inhibition (Flores-Herr et al. 2001; Zaghloul et al. 2005; van Wyk et al. 2009; Russell & Werblin, 2010; Crook et al. 2014; Venkataramani et al. 2014) .
It is less clear how a ganglion cell's postsynaptic mechanisms, including its collection of ligand-gated channels, influence the RF. For example, temporal tuning of visual responses could depend on the kinetics of the postsynaptic glutamate receptors mediating transmission from bipolar cells. NMDA-type receptors (NMDARs) typically possess slower kinetics than AMPA-type receptors (AMPARs) (Traynelis et al. 2010) . Accordingly, electrically evoked NMDAR-mediated postsynaptic currents recorded from ganglion-cell-layer cells in slices of mammalian retina were relatively slow, with responses lasting hundreds of milliseconds: up to 10-times longer than AMPAR-mediated currents (Chen & Diamond 2002; Sagdullaev et al. 2006) . Outside-out somatic patches from ganglion-cell-layer cells also showed slow NMDAR-mediated currents in response to glutamate application; these currents lasted up to hundreds of milliseconds (Chen & Diamond, 2002) . Thus, under certain conditions, and in some retinal cell types, NMDAR kinetics apparently are substantially slower than those of AMPARs. These findings complemented earlier studies of light responses recorded in salamander ganglion cells, whose NMDAR-mediated, light-evoked currents were slow, suggesting that NMDAR kinetics could enhance responses to low frequency stimuli (Mittman et al. 1990; Diamond & Copenhagen, 1993) . Temporal tuning of ganglion cell responses, however, was not evaluated explicitly in these studies.
Thus, it remains unresolved whether slow NMDAR kinetics influence the temporal tuning of light-evoked synaptic responses in most ganglion cell types. For instance, the channels studied in the aforementioned patch recordings must have been extrasynaptic, because excitatory synapses on ganglion cells are found exclusively on their dendrites (Stevens et al. 1980; Freed & Sterling, 1988; Kolb & Nelson, 1993) . Furthermore, electrically evoked glutamate release is not necessarily a good proxy for light-evoked synaptic transmission (Grimes et al. 2011; Sethuramanujam & Slaughter, 2014) . Indeed, NMDAR-mediated spontaneous EPSCs in ganglion cells, which reflect synaptic release, were only slightly delayed (ß10 ms) compared to AMPAR-mediated EPSCs (Sagdullaev et al. 2006; ). Furthermore, light-evoked NMDAR-mediated currents in some types of primate ganglion cells were relatively fast (Crook et al. 2014) .
Here, we used light stimulation and a conductance analysis (Manookin et al. 2010; Venkataramani & Taylor, 2010) to evaluate the roles that AMPARs and NMDARs play in the temporal tuning of two types of wide-field ganglion cell (OFF Alpha and OFF Delta) in the in vitro guinea pig retina. Our results indicate that synaptic NMDAR-mediated currents are fast and delayed only slightly relative to AMPAR-mediated currents recorded in the same cells. Although OFF Alpha and Delta cells showed similarly fast NMDAR-mediated currents, their presynaptic circuits were modulated differentially by presynaptic inhibition; at high temporal frequencies inhibition suppressed glutamatergic input to OFF Delta, but not OFF Alpha cells. Hence, the distinct temporal properties of parallel bipolar cell pathways depend, in part, on the inhibitory control of presynaptic release (Mazade & Eggers, 2013; Borghuis et al. 2014) .
Methods

Ethical approval
All procedures conformed to National Institutes of Health guidelines for use and care of animals in research and were approved by the University of Michigan Committee on the Use and Care of Animals.
Tissue preparation and electrophysiology
Hartley guinea pigs (Elms Hill, Chelsmford, MA, USA) were housed in a 12:12 h light-dark cycle. The animal was dark-adapted for 1 h before further procedures were carried out. Under dim red light, the animal was anaesthetized with an intramuscular injection of ketamine (100 mg kg −1 ) and xylazine (10 mg kg −1 ). Under anaesthesia, the animal was killed by decapitation and then both eyes were removed. The retina was prepared as described previously (Manookin et al. 2008 (Manookin et al. , 2010 . For whole-cell recording, the retina was positioned in a chamber on the fixed stage of a microscope (Olympus BX51WI) and superfused (6 ml min −1 ) with carbogenated (95% O 2 , 5% CO 2 ) Ames medium heated to 33-35ºC with an in-line heater (Warner Instruments, LLC, Hamden, CT, USA). Membrane current was amplified, sampled at 10 kHz and stored on a computer using a MultiClamp 700A amplifier, Digidata 1322A A/D board and pClamp 9 software (Axon Instruments, Union City, CA, USA). Patch electrodes (3-5 M ) were filled with intracellular solution (in mM): 120 caesium methanesulphonate, 5 TEA-Cl, 10 Hepes, 3 NaCl, 10 BAPTA, 2 QX-314-Cl, 2 ATP-Mg and 0.3 GTP-Na with 0.10% Lucifer Yellow, titrated to pH 7.3. The chloride reversal potential (E Cl ) was calculated to be −67 mV. All chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA) except for BAPTA (Invitrogen, Carlsbad, CA, USA), QX-314, strychnine, gabazine and L-2-amino-4-phosphonobutyric acid (L-AP4) (Tocris Bioscience, Ellisville, MO, USA).
Light responses were recorded under voltage clamp (n = 144 cells). Junction potential (−9 mV) and an error in the holding potential introduced by uncompensated series resistance (16 ± 3 M ; 48 ± 7% compensation; mean ± SEM) was corrected as described (Manookin et al. 2010) ; we excluded cells with series resistance >20 M . OFF Alpha and Delta cell input resistance was 31 ± 4 M (n = 113) and 38 ± 8 M (n = 31), respectively. In voltage-step protocols, V hold started near −75 mV and stepped positive in 10-15 mV increments followed by a return to −75 mV. The cell was held for ß5-12 s at each potential while presenting the light stimulus.
Visual stimuli and recording
The stimulus was displayed, after gamma correction, using the green gun on a miniature monochrome monitor (Lucivid MR1-103; MicroBrightField, Inc., Williston, VT, USA) or the green channel of an organic LED display (eMagin; SVGA Rev 2; Bellevue, WA, USA). Mean luminance of the background evoked an estimated photoisomerization (P * ) rate in the rod (R), M cone (M) and S cone (S) of ß2 × 10
and ß10 2 P S * s −1 . RF centre location was mapped by recording excitatory currents to square-wave modulation of a 150 μm diameter spot at eight positions (1 Hz; V hold = E Cl ). In subsequent experiments, spot stimuli were presented either as a contrast pulse (200 ms) or as contrast modulation with sine-wave (1-10 Hz, using a 60 Hz frame rate) or square-wave temporal profiles (1-18.7 Hz, using a 75 Hz frame rate). The sine-wave modulation was limited to lower temporal frequencies so that each cycle could be generated by a minimum of six frames. The pulsed spots were presented as −100% decrements from the background (−100% Weber contrast). The sine-wave or square-wave modulation was presented at 100% Michelson contrast, defined by the maximum (L max ) and minimum luminance (L min ) of the stimulus over time:
Analysis
All analyses were performed on baseline-subtracted currents. Baseline currents were calculated at each V hold by fitting 500 ms windows before and after the stimulus with a second-order polynomial function and subtracting the fit; this fit accounted for slow decays in the baseline current, especially at more depolarized holding potentials. For temporal tuning experiments, stimuli were presented for 3 s. The response at the beginning of this period sometimes showed instability, presumably due to stimulus adaptation (e.g. Fig. 3B ). Therefore, the first second of data were discarded and the response cycles within the final 2 s were averaged for analysis. I-V plots were generated for a ß30 ms time window, which was chosen near the peak excitatory response while avoiding periods with strong inhibitory conductance that could generate large errors in the holding potential.
I-V relationships were modelled as the weighted sum of three ligand-gated currents mediated by AMPA, NMDA and GABA/glycine receptors (least squares fit):
The equations for the basis functions and weights for the fitting procedure have been described in detail previously (Manookin et al. 2010) . Briefly, the AMPAR basis function was assumed to be linear with E rev = 0 mV. The NMDAR basis function represented the response to NMDAR applied in the presence of blockers of fast synaptic transmission and has E rev = 0 mV. The equation for the NMDAR conductance (g NMDA ) includes a parameter that describes the effective K d for Mg 2+ binding (β) and a voltage-dependence parameter (α):
The GABA/glycine receptor basis function was derived from the inhibitory response to light onset (or dark offset) measured in the presence of an NMDAR antagonist, and after subtracting any AMPAR component; this basis function necessarily reverses at E Cl . The three weights estimated the conductances that combined to generate the measured I-V relationship of currents evoked by an arbitrary light stimulus. Reported NMDAR-mediated conductance weights, which are strongly voltage dependent, represent the conductance at −62 mV (i.e. near the resting potential; Manookin et al. 2010) Manookin et al. 2010) , which explains the slight difference in the percentage of maximal conductance at V M = −62 mV. The significance of fitted conductance values was assessed using Student's t tests. All values are reported as mean ± SEM.
Temporal conductance analysis
We performed the conductance analysis as a function of time to estimate the dynamics of AMPAR-and NMDAR-mediated responses to stimulus modulation at 9 Hz and higher frequencies (see Fig. 5 ). Analysis was performed primarily under conditions in which inhibition was blocked to minimize the influence of errors in voltage clamp imposed by large inhibitory conductances. The overall time course of these conductances reflects a combination of the time course of glutamate release and the kinetics of each receptor's response to individual synaptic release events. There is no practical way to separate these individual influences, so we focused on a robust measure of response kinetics that combines the two influences: the relative timing of the peak conductance for each receptor. Synaptic currents evoked by one cycle of the stimulus were averaged and fit, as a function of time, to generate time courses of the underlying ligand-gated conductances. In some cases conductances from multiple cells were averaged to generate population estimates (see Fig. 5A -B, D-E). In other cases, we fit the AMPAR and NMDAR conductance time courses for individual cells based on the sum of the first three Fourier harmonics of the stimulus frequency and measured the delay between the peaks of these fits (see Fig. 5C and G). These fits provided an accurate description of the response: the r 2 between the fit (i.e. explained variance) and response was 0.97 ± 0.01 and 0.98 ± 0.005 for AMPAR and NMDAR components, respectively.
Results
Stimulation of the RF centre produces robust NMDAR-mediated responses in OFF Alpha and Delta cells
We showed previously that in the intact guinea pig retina, both OFF Alpha and OFF Delta cells responded to contrast stimuli with synaptic currents mediated by both AMPARs and NMDARs (Manookin et al. 2010) . However, the nature of the NMDAR contribution differed between cell types. For example, NMDARs contributed to the firing response primarily in OFF Alpha cells; and the NMDARs showed GluN2B subunit involvement (i.e. ifenprodil sensitivity) primarily in OFF Delta cells (Manookin et al. 2010) . Here, we examined the same cell types and tested the role of NMDARs in temporal tuning, as described below. To perform these experiments, we first determined an optimal spatial stimulus for generating a strong NMDAR-mediated contribution to the light-evoked current. A pulse of −100% contrast (i.e. full decrement to darkness from the background luminance) was delivered within a spot with variable diameter (100-1000 μm).
High signal to noise responses were achieved routinely using 200-300 μm diameter spots, and we observed non-linear, J-shaped I-V relationships in both cell types (Fig. 1) . In OFF Alpha cells, a larger spot size resulted in a more linear I-V relationship (Fig. 1A, B) . In OFF Delta cells, a larger spot size suppressed the excitatory input almost entirely and instead drove an inhibitory conductance. At stimulus onset (i.e. relative dimming), the negative I-V relationship coupled with a reversal potential near E Cl implied a prominent 'disinhibition' , i.e. a net closing of Cl channels open at rest (Fig. 1C, D; Manookin et al. 2008 Manookin et al. , 2010 . In both cell types and for all stimuli tested, the response at stimulus offset (i.e. relative brightening) was mediated by a direct inhibitory input (i.e. positive conductance with reversal potential near E Cl ), as described previously (Manookin et al. 2008; . In the experiments below, we used a 200 or 300 μm diameter spot and modulated contrast with a sine-wave or square-wave profile (100% Michelson contrast) over a range of temporal frequencies.
NMDARs do not limit temporal encoding in OFF Delta cells
To understand how an OFF Delta cell's NMDARs shape the temporal properties of its light-evoked responses, the contributions of different receptors (i.e. AMPA, NMDA, GABA/glycine) were estimated by decomposing light-evoked currents into their underlying conductances. Light responses were recorded at multiple holding potentials (V hold ), and the I-V relationship within a response window was fit with the weighted sum of receptor basis functions, as described previously (Fig. 2D ) (Manookin et al. 2010) .
OFF Delta cells responded to contrast modulated sinusoidally at frequencies between 1 and 10 Hz. For each frequency, we fit the conductances in a time window centred near the peak of the excitatory response ( Fig. 2A,  B) , which occurred during the negative phase of the sine wave. Delta cells showed significant AMPAR-and NMDAR-mediated conductances at stimulus frequencies of 1 and 7.5 Hz (P < 0.01 for all; unpaired t test; Fig. 2C ). The NMDAR-mediated conductance was strongly voltage dependent, and the values in Fig. 2 show the conductance at V M = −62 mV, which is 5.0% of the maximum value (Manookin et al. 2010) . The amplitudes of both AMPAR-and NMDAR-mediated conductances dropped significantly at stimulus frequencies between 7.5 and 10 Hz (AMPA: reduced 4.71 ± 1.56 nS, P = 0.05; NMDA: reduced 0.82 ± 0.24 nS, P = 0.02; paired t tests; Fig. 2C ). Responses at lower frequencies did not exhibit significant inhibitory conductances (P > 0.4 for both; unpaired t test; Fig. 2C ); this partly reflects the variable level of inhibition across cells in the chosen time window (Fig. 2A, C) . The response at 10 Hz was mediated primarily by the suppression of a tonic inhibitory input (i.e. a negative conductance: −3.65 ± 0.57 nS, P = 0.003; unpaired t test; Fig. 2B, C) .
The lack of a prominent excitatory conductance in response to 10 Hz modulation suggested that an OFF Delta cell's glutamate receptors were not stimulated, either because of some intrinsic properties of the receptors or because glutamatergic transmission to the OFF Delta cell was suppressed by high-frequency stimulation. To determine the limiting factor, excitatory inputs were isolated by blocking multiple sources of inhibition. The 'cross-over' inhibitory pathways, mediated by ON bipolar cells acting through amacrine cells (Manookin et al. 2008; Demb and Singer, 2012) , were blocked with L-AP4 (50 μM), which hyperpolarizes ON bipolar cells (Slaughter and Miller, 1981) ; GABA-A and glycine receptors were blocked by gabazine (20 μM) and strychnine (2 μM), respectively. Under this condition, the I-V relationships assessed at both 1 and 10 Hz stimulation became J-shaped and demonstrated significant NMDAR components (P < 0.05 for all temporal frequencies; unpaired t tests; Fig. 2E-G) .
The inhibitory conductance was not completely suppressed (P < 0.001 at 1 Hz; P < 0.05 at 7.5 and 10 Hz), suggesting either that some inhibition was resistant to the blockers or that there is an inaccuracy in the fitting procedure. For example, the fitting procedure necessarily assigns an inhibitory conductance if the reversal potential is less than 0 mV. Furthermore, the AMPAR and NMDAR components were also suppressed relative to control conditions in the 1 Hz condition (Fig. 2C) ; this probably reflects the effect of the blockers within the retinal circuitry, which can alter synaptic release in unpredictable ways. Nevertheless, the prominent J-shaped I-V relationship, along with a reversal potential close to 0 mV, indicates that a Delta cell's NMDARs can encode a 10 Hz stimulus and does not substantially limit temporal encoding (Fig. 2F, G) . Rather, at high frequencies, excitatory input from bipolar cells is actively suppressed by presynaptic inhibition, and consequently direct, postsynaptic inhibition generates the OFF Delta cell's light response in relative isolation (Fig. 2B, C) .
AMPARs and NMDARs in OFF Alpha cells mediate signalling at similar temporal frequencies
We next examined OFF Alpha cell responses to sinusoidal contrast modulation (Fig. 3A, B) . Alpha cells showed robust AMPAR-mediated conductances evoked by all stimulus frequencies; AMPAR-mediated responses were maximal in response to stimulation at 5 Hz (P < 0.0005 in each case; unpaired t tests; Fig. 3C ). NMDAR-mediated conductances evoked by 1-10 Hz stimuli were relatively J Physiol 592.22 constant in amplitude (P < 0.005 in each case; unpaired t tests; Fig. 3C, top) . Here, as above, the plotted NMDAR-mediated conductances near V rest (−62 mV) represented only a small fraction (8.1%) of the maximal conductance of the channels (Manookin et al. 2010 ).
Thus, both AMPARs and NMDARs contributed to visual stimulus coding across the full range of temporal frequencies tested.
The inhibitory component of the postsynaptic response arises from at least two sources: OFF-pathway mediated 
Figure 2. NMDARs can respond to rapid temporal modulation in OFF Delta cells but are normally unstimulated due to presynaptic inhibition A, synaptic currents recorded from an OFF Delta cell in response to 1 Hz temporal contrast modulation at two of eight V holds (top). The response to one cycle was averaged over the last 2 s (bottom, left). For an excitatory response window (grey box), an I-V relationship is shown (bottom, right) with a basis-function fit (continuous line; see Methods). The response depends strongly on an NMDAR-mediated conductance, as indicated by the J-shaped I-V relationship. B, as for A, for 10 Hz modulation. Data from the last 2 s were averaged to generate the I-V plot. The response is driven primarily by disinhibition as indicated by the negative slope of the I-V plot. C, fitted conductances are shown for responses at three temporal frequencies. Both AMPAR-and NMDAR-mediated conductances are suppressed at 10 Hz. Error bars indicate ±SEM across cells (with the number of cells in parentheses above the data points). The NMDAR-mediated conductances here and below (G) were scaled to their value at V M = −62 mV (i.e. near the resting potential) and reflect 5.0% of the maximal conductance (Manookin et al. 2010) . D, the basis function fitting procedure. Responses (dots) were fit (line) by the weighted sum of the three basis functions: AMPAR, NMDAR and inhibitory (GABA and glycine) receptors. E, average cycles and I-V plots for responses to 1 Hz temporal stimulation with inhibition and ON pathway input blocked (L-AP4, gabazine, strychnine). Similar to control conditions (A), the I-V plot is J-shaped, indicating an NMDAR-mediated contribution. F, as in E, for 10 Hz modulation. NMDAR-mediated conductance is now strong (compared to B), as indicated by the J-shaped I-V relationship. G, as in C, with inhibition suppressed. NMDAR-mediated conductance is present at all temporal frequencies, including the 10 Hz condition.
feedforward inhibition and ON-pathway mediated crossover inhibition (Manookin et al. 2008; Venkataramani and Taylor, 2010) . The crossover inhibition includes a tonic component that is actively suppressed during the dark phase. Accordingly, we observed a weak, positive inhibitory conductance evoked at low temporal frequencies; the inhibitory conductance became negative at frequencies >5 Hz, presumably owing to a dominant disinhibition component from the ON pathway (P < 0.05 only for 2.5 Hz; unpaired t tests; Fig. 3C ).
To confirm the presence of an NMDAR-mediated response to stimulation at high temporal frequencies, we recorded responses after isolating excitatory synapses by applying the blockers used above (L-AP4, gabazine and strychnine). In this condition, high frequency stimulation produced J-shaped I-V relationships (Fig. 3D, E) 
Control
Temporal frequency (Hz) (2.04 ± 0.41 pS, P = 0.001; unpaired t test) and 10 Hz (2.12 ± 0.32 pS, P < 0.001; unpaired t test; Fig. 3F ). At each frequency, NMDAR-mediated responses were not reduced significantly in the presence of the blockers (P > 0.1 for both; unpaired t test).
To determine whether NMDARs limited temporal coding within the physiological range, a broader range of frequencies was tested using square-wave contrast modulation (1-18.7 Hz). Light-evoked spikes, measured in loose patch recordings with inhibition intact, demonstrated that these frequencies covered the full physiological response range with peak responsiveness near ß9 Hz (Fig. 4A) . Whole-cell recordings in the presence of blockers of the ON pathway and inhibitory receptors (L-AP4, gabazine, strychnine) showed that square-wave stimuli up to 12.5 Hz produced significant AMPAR-and NMDAR-mediated conductances (P < 0.05; unpaired t test; Fig. 4B, C) . Responses at 1 Hz were larger than those recorded with sine-wave modulation (Fig. 4C vs . Fig. 3F ); this phenomenon is probably explained by the sharp transition of the square-wave stimulus, which includes higher harmonics of the fundamental frequency. Responses to 18.7 Hz stimuli were more variable than responses to lower frequencies, but on average NMDAR-mediated conductances were greater than zero (P < 0.05; unpaired t test; Fig. 4C ). For half of the cells (4/8) tested, there were apparent AMPAR-and NMDAR-mediated contributions to responses at 18.7 Hz; the relative timing of these conductances was analysed further (see below). Across cells, inhibitory responses were eliminated by the blockers (Fig. 4C) . These results suggest that an OFF Alpha cell's NMDARs can follow contrast modulated at frequencies up to ß18 Hz.
Ganglion cell AMPARs and NMDARs encode glutamate release similarly
We compared the relative timing of AMPAR-and NMDAR-mediated conductances by fitting the averaged responses to sine-wave and square-wave stimuli (for frequencies ࣙ9 Hz) as a function of time for individual cells (Fig. 5A , B, D, E; blue and green traces). We then averaged across the population to generate smoothed, population conductance time courses (Fig. 5A-B , D-E; blue and green traces; see Methods). For square-wave stimuli up to 18.7 Hz (Fig. 5E 1 and E 2 ) and for sinusoidal stimuli at 10 Hz (Fig. 5A, B) , NMDAR-mediated conductances recorded in OFF Alpha cells were delayed only slightly relative to AMPAR-mediated conductances. Similar results were obtained for stimulation of OFF Delta cells (10 Hz sinusoid; Fig. 5D ). To quantify the relative timing of the conductances, we fit the conductance traces of individual cells and measured the timing of the peak of the NMDAR-mediated conductance relative to the AMPAR conductance (Fig. 5C , red lines; see Methods). The delay in the peak of the NMDAR-mediated conductance, relative to the AMPAR-mediated conductance, was ß4-9 ms for both cell types across all temporal frequencies tested (Fig. 5G) . Furthermore, the blockers changed the OFF Alpha cell excitatory input (Fig. 5A, B) by advancing the responses in time (Fig. 5F) . Hence, the blockers clearly affected the presynaptic circuitry, but once glutamate release occurred, the AMPARs and NMDARs encoded it similarly.
Discussion
Here we investigated whether differing kinetics of AMPARs and NMDARs can provide a postsynaptic mechanism for RF tuning in two OFF ganglion cell types in guinea pig retina. The main findings are: (1) small, central stimulation of the RF produces robust NMDAR-mediated responses (Fig. 1) ; (2) AMPAR and NMDAR kinetics do not limit temporal coding by OFF Alpha and Delta cells at relatively high stimulation frequencies within the physiological range (9-18 Hz; Figs 2-4); (3) NMDAR-and AMPAR-mediated responses possess similar time courses (Fig. 5) ; and (4) OFF Delta cell NMDARs (and AMPARs) are normally un-stimulated at 10 Hz, but this is explained by inhibition of the presynaptic bipolar cell rather than by postsynaptic receptor properties (Fig. 2) . Thus, temporal tuning can be shaped by presynaptic inhibition of bipolar terminals (Mazade and Eggers, 2013; Borghuis et al. 2014; Venkataramani et al. 2014) , and spatial processing likewise reflected inputs from multiple synaptic pathways depending on stimulus parameters (Fig. 1C, D) . The similar kinetics of AMPARs and NMDARs in ganglion cells may reflect a more general specialization in sensory systems that use glutamate synapses for rapid temporal processing.
Broad temporal tuning of ganglion cells suggests that NMDARs and AMPARs possess similar kinetics
Our relatively fast NMDAR-mediated responses are consistent with recordings from three types of rabbit ganglion cells: postsynaptic responses to low temporal frequency stimuli exhibited NMDAR components that turned on and off rapidly and resembled the AMPAR components in time course (Venkataramani et al. 2010; Buldyrev et al. 2012) . Furthermore, our results are consistent with recent findings from primate ganglion cells in which NMDAR-mediated conductances were recorded in response to stimulation at high temporal frequencies (Crook et al. 2014) . In addition, the short, ß4-9 ms delay between the peak of the AMPAR and NMDAR components of the 9-18 Hz responses that we observed (Fig. 4) resembles the ß10 ms delay between AMPAR and NMDAR components of spontaneous EPSCs recorded in rat and mouse cells (Sagdullaev et al. 2006; Zhang et al. 2009 ). The data from our study and the primate study (Crook et al. 2014) extend previous results by showing that synaptic NMDAR-mediated conductances can be modulated by high temporal frequencies within the physiological range (ß10-20 Hz). The NMDAR-mediated conductances in mammalian ganglion cells apparently are far faster than those measured in salamander ganglion cells (Mittman et al. 1990; Diamond and Copenhagen, 1993) . However, it is notable that these early studies of NMDAR-mediated conductances in salamander ganglion cells were performed with synaptic inhibition blocked; a recent study of such neurons, performed with synaptic inhibition intact, demonstrated a faster NMDAR component to a ganglion cell's excitatory input that was similar to its AMPAR component (Sethuramanujam and Slaughter, 2014) .
The fast modulation of NMDAR-mediated conductances that we measured is probably attributable to fast channel kinetics rather than to some property of the bipolar cell terminal. Indeed, we are not aware of parameters of synaptic transmission that would permit intrinsically slow NMDARs to generate fast conductance changes. For example, application of a non-competitive NMDAR antagonist, which occupies a fraction of NMDARs and lowers the effective synaptic glutamate concentration, reduces the amplitude of patch or whole-cell currents without accelerating the time courses of the responses (Chen and Diamond, 2002) .
Our results are not consistent with previous measurements of slow NMDAR-mediated currents recorded in outside-out patches of membrane excised from mammalian ganglion cell layer somata and from electrically evoked EPSCs recorded in ganglion cells (Chen and Diamond, 2002; Sagdullaev et al. 2011) . Possibly, synaptic receptor channels interact with auxiliary proteins that speed their responses (Ng et al. 2009; Yan and Tomita, 2012) , and NMDAR co-agonists (D-serine or glycine) influence channel kinetics at synapses (Gustafson et al. 2007; Kalbaugh et al. 2009 ). Moreover, electrical stimulation, particularly with synaptic inhibition blocked, may generate a large asynchronous release of glutamate leading to AMPAR inactivation, and subsequent truncation of the AMPAR response; NMDARs, with their slower inactivation kinetics, more faithfully report the prolonged glutamate time course. Notably, in both salamander ON-OFF cells and mouse VGlut3+ amacrine cells, electrical stimulation evoked a strong and prolonged NMDAR-mediated current, whereas light stimulation of the same cells showed very little NMDAR-mediated current (Grimes et al. 2011; Sethuramanujam and Slaughter, 2014) . Hence, release evoked by electrical stimulation is unlikely to reflect the dynamics of physiological synaptic transmission evoked by light stimuli.
In many cases, we measured the temporal properties of AMPAR-and NMDAR-mediated conductances with 
Control, Spikes A, OFF Alpha cell spike responses, measured using loose-patch recording, to square-wave temporal contrast modulation from 1 to 18.7 Hz. These frequencies covered the physiological response range, with peak responsiveness near ß9 Hz. In these recordings, synaptic inhibition was intact. Error bars indicate ±SEM across cells (with number of cells in parentheses above the data points). B, synaptic currents recorded from an OFF Alpha cell in response to 12.5 Hz square-wave modulation at two of eight V holds (left); recordings were made with inhibition and the ON pathway suppressed (L-AP4, gabazine, strychnine), to isolate the excitatory input, and the response to one cycle was averaged over the final 2 s of the stimulus (as in Fig. 3 ). For a response window near the peak of excitation (grey box), an I-V relationship is shown (right) with a basis-function fit (continuous line). The response depends strongly on an NMDAR-mediated conductance, as indicated by the J-shaped I-V relationship. C, fitted conductances for responses to 1-18.7 Hz contrast modulation. Error bars indicate ±SEM across cells (with number of cells in parentheses above the data points). NMDAR-mediated conductances were scaled to their value at V M = −62 mV, reflecting 8.1% of the maximal conductance (Manookin et al. 2010) . The shape of the temporal tuning function does not match the function for spikes, in A, probably due to the effect of inhibition shaping the response under control conditions (A). inhibition blocked (Figs 2-5 ). This condition avoided the large conductance changes associated with synaptic inhibition onto the recorded cell, which can lead to voltage clamp errors. This condition, however, appears to alter the pattern of synaptic release; this is expected because several inhibitory mechanisms at bipolar cell terminals are suppressed. For example, the temporal tuning function for the excitatory conductances evoked by square-wave stimuli (Fig. 4C) showed a low-pass tuning, which did not match the band-pass tuning of the spikes measured with inhibition intact (Fig. 4A) . Possibly, excitatory currents were enhanced at low temporal frequencies with inhibition blocked because amacrine cell feedback normally suppresses responses at these frequencies. Furthermore, the tuning function for the spike response presumably includes influences of disinhibition, which could enhance the response at high temporal frequencies (Fig. 3C ). The process of spike generation can also enhance high temporal frequencies (Lankheet et al. 1989; Zaghloul et al. 2005) . Our strongest conclusion from the recordings with inhibition suppressed relates to the temporal properties of the two excitatory conductances, which clearly show a similar ability to follow high temporal frequencies (ß9-18 Hz) with minimal relative delays (Fig. 5) .
Limits of NMDAR kinetics in sensory neurons
Analysis of recombinant NMDAR channels sets the temporal limit of the fastest channels -those composed of GluN2A subunits -as ß5 Hz at room temperature (Erreger et al. 2005 ). This limitation is largely explained by the fast component of deactivation (tau = 32 ms; Erreger et al. 2005) . Assuming a Q 10 of ß2-3, inactivation is probably accelerated significantly at the elevated temperatures used here, explaining the fast NMDAR-mediated currents we recorded in ganglion cells. Furthermore, the recombinant channels studied were composed of the NR1a splice variant (Erreger et al. 2005 ) whereas ganglion cells might express the faster NR1b variant (Rumbaugh et al. 2000) . The OFF Delta cell appeared to express GluN2B subunits, because NMDAR-mediated currents showed ifenprodil sensitivity (Manookin et al. 2010) . It now seems likely that these cells express triheteromeric GluN1/GluN2A/GluN2B receptors, which would explain both their ifenprodil sensitivity and their relatively fast responses to contrast modulation (Tovar et al. 2013; Hansen et al. 2014) . Auditory neurons also seem to express NMDAR channels with fast kinetics, although the ability of NMDAR-mediated conductances to be modulated at 10 Hz specifically has not been tested (Sanchez et al. 2010) . Furthermore, there is in vivo evidence from goldfish Mauthner cells of NMDAR-mediated responses with fast deactivation kinetics (tau ß 1 ms) at room temperature (Wolszon et al. 1997) .
Fast kinetics of NMDARs in OFF ganglion cells could impair the receptor's ability to generate long-lasting changes in synaptic strength or maintenance; such a role for NMDARs in the retina, however, may be less important for OFF cells than for ON cells (Barria and Malinow, 2005; Jones et al. 2012) . The primary role for NMDARs in the OFF ganglion cells studied here is working with AMPARs to generate the basic excitatory synaptic responses to bipolar cell outputs across a wide range of frequencies. These dual mechanisms for excitatory synaptic transmission are supplemented further by inhibitory pathways, which, through disinhibitory mechanisms, reinforce the depolarizing drive at light decrements (Figs 2 and 3 ; Manookin et al. 2008; van Wyk et al. 2009 ). During depolarization, the reduced driving force of AMPARs would be offset by the increased conductance or driving force associated with NMDARs and disinhibition, respectively.
